Inflammation is a hallmark in many neurodegenerative diseases like Alzheimer's disease or vascular dementia. Cholesterol and homocysteine are both vascular risk factors which have been associated with dementia, inflammation and blood-brain barrier dysfunction. In previous studies we found that hypercholesterolemia but not hyperhomocysteinemia induced inflammation in rats in vivo. The aim of the present study was to investigate the effect of a combined treatment of Sprague Dawley rats with cholesterol and homocysteine for 5 months on spatial learning and memory, blood-brain barrier integrity and inflammation. Cholesterol treated rats showed severe learning deficits, while rats treated with cholesterol and homocysteine (Mix) counteracted the cholesterol-induced inflammation and partly the cortical bloodbrain barrier disruptions, although cognition was still impaired. To study the potential protective effect of homocysteine, inflammation was induced in organotypic rat brain cortex slices and primary microglial cells by treatment with different inflammatory stimuli (e.g. lipopolysaccharide or tissue plasminogen activator). Tissue plasminogen activator-induced inflammation was counteracted by homocysteine. In conclusion, our data demonstrate that homocysteine significantly ameliorates cholesterol-induced inflammation and blood-brain barrier disruption but not the memory impairment, possibly involving a tissue plasminogen activator-related mechanism.
Introduction
Inflammation is a common phenomenon in many neurodegenerative diseases (Franceschi et al., 2000) . In Alzheimer's disease (AD) and vascular dementia (VaD), increased levels of inflammatory proteins in the brain and plasma have been observed even before a clinical onset of dementia (Engelhart et al., 2004) . Several studies suggest that inflammation may play a role in blood-brain barrier (BBB) dysfunction and cognitive decline (for review see Gorelick, 2010) . The causes for AD are not known, however besides beta-Amyloid plaques and Tau inclusions, vascular pathology and inflammation is found. It became more and more clear that vascular risk factors, such as high cholesterol or homocysteine levels may play a role in the development of AD (Humpel, 2011) .
Hypercholesterolemia (HChol) and Hyperhomocysteinemia (HHcy) have both been described as risk factors for VaD and AD (Garcia and Zanibbi, 2004; Humpel and Marksteiner, 2005; Kivipelto et al., 2001; Morris, 2003; Obeid et al., 2007; Puglielli et al., 2003; Raffai and Weisgraber, 2003; Seshadri et al., 2002; Simons et al., 2001) . It is well established that cholesterol induces inflammation in the brain (Lominadze et al., 2006; Papatheodorou and Weiss, 2007; Poddar et al., 2001; Rahman et al., 2005; Thirumangalakudi et al., 2008; Xue et al., 2007) and oxidized metabolites of cholesterol may take part in the upregulation of inflammatory markers (Dugas et al., 2010; Joffre et al., 2007; Lemaire-Ewing et al., 2005; Morello et al., 2009; Prunet et al., 2006; Rosklint et al., 2002; Sottero et al., 2009; Trousson et al., 2009; Vejux et al., 2008) . Similarly, it has also been proposed that homocysteine (Hcy) induces inflammation, possibly by enhancing oxidative stress and subsequent nuclear factor kappa B (NfκB) activation (Papatheodorou and Weiss, 2007) . However, the role of Hcy on inflammation is not fully clear as some models of HHcy do not reflect the proposed pro-inflammatory properties of Hcy (Achón et al., 2009; Pirchl et al., 2010a) . In previous experiments we could show that chronic treatment of rats with cholesterol (Chol) markedly increased microglial immunoreactivity and levels of several inflammatory markers in the cortex, reduced cholinergic neurons and impaired cognition . Furthermore, we showed that HChol rats display BBB disruptions in the cortex visualized by an increased anti-rat IgG immunoreactivity .
In the present study we hypothesized that a combined diet of Chol and Hcy potentiates inflammation and BBB disruptions in rats in vivo. However, it was unexpected to show that Hcy counteracted cholesterol-induced inflammation. Molecular and Cellular Neuroscience 49 (2012) [456] [457] [458] [459] [460] [461] [462] [463] Results
Effects of cholesterol and homocysteine on spatial learning and memory
Rats treated with Chol for 5 months (Chol 5 m) showed a markedly impaired performance in the learning tasks (Fig. 1A) . The percentage of correct arm choices was significantly lower at session 5 (S5) and also in the memory retention test (Ret) compared to the controls (Fig. 1A) . However, the performance in the retention test (Ret) was not significantly lower compared to session 5 (S5) within the Chol group (not shown). Rats treated with Chol and Hcy for 5 months (Mix 5 m) did not show differences in the percentage of correct arm choices at sessions 1-5 (S1-S5), but spatial long term memory was significantly decreased in the memory retention test (Ret) compared to the controls (Fig. 1B) , and compared to session 5 within the group (not shown). However, the spatial learning performance (S5) in the mix group (Mix 5 m) was also not significantly higher than in the cholesterol group (Chol 5 m) (Fig. 1C) .
Cholesterol induced anti-rat IgG and microglia in vivo
The number of anti-rat IgG-positive spots was significantly increased in hypercholesterolemic rats after 5 months (Fig. 2B) compared to the respective controls ( Fig. 2A) . This effect was also seen after 12 months (Fig. 2C) . A slight but not significant effect was found in rats treated for 5 months with cholesterol and homocysteine (Fig. 2C) . IBA1 staining revealed a weak to moderate microglial staining in control cortex (Fig. 2D) , which was markedly enhanced in 12 month cholesterol-treated rats (Fig. 2E ) and was also significant after 5 months . Co-localization showed IBA1+ microglia around anti-rat IgG immunoreactive spots in 12 month old cholesterol treated rats ( Fig. 2F-H ).
Cholesterol induced inflammation is counteracted by homocysteine in vivo
A large number of inflammatory markers were measured in the cortex by Multiplex Searchlight ELISA. Hypercholesterolemia significantly enhanced different cytokines (GM-CSF, IL-1α, IL-6, IL-10, TNFα), chemokines (MCP-1, MIP-1α, MIP-2, MIP-3α), matrix metalloproteinase-2 (MMP-2) and the growth factor PDGF-BB compared to controls (Table 1) . Hyperhomocysteinemia did not enhance any of these inflammatory markers (Table 1) . However Hyperhomocysteinemia counteracted the cholesterol-induced inflammation (Table 1) .
Tissue plasminogen activator levels are enhanced in hypercholesterolemic rats Total tissue plasminogen activator (tPA) levels were significantly enhanced in the plasma of rats treated for 12 months with cholesterol (Chol 12 m) compared to the controls (Table 2) . Additionally, levels of active tPA in the cortex were also significantly increased in 12 months hypercholesterolemic rats (Table 2) .
Homocysteine counteracts tPA induced inflammation in organotypic brain slices
In order to investigate the effect of homocysteine on inflammation, we used a well established organotypic brain slice model of the cortex. Lipopolysaccaride (LPS), or Polyinosinic:polycytidylic acid (Poly I:C) or tissue plasminogen activator (tPA) significantly increased the levels of MCP-1 and MIP-2 but not TNFα (Table 3) . No significant changes in the levels of inflammatory markers were found when slices were treated with cholesterol (Chol), or homocysteine (Hcy), or phytohemagglutinin (PHA) ( Table 3) . In order to test if homocysteine can counteract inflammation, slices were co-treated with either LPS and Hcy, or tPA and Hcy (Table 3 ). These two agents were selected because they exhibited the most potent effect. No changes were found when slices were co-treated with LPS and Hcy compared to LPS treated slices (Table 3) . However co-treatment of slices with tPA and Hcy significantly decreased the levels of all inflammatory markers compared to tPA treated slices (Table 3) . Homocysteine counteracts tPA induced inflammation in primary microglial cells
To assess if tissue plasminogen activator (tPA) stimulates microglial cells to release inflammatory markers, microglial cells were incubated with tPA and conditioned medium was collected after 4 days for Searchlight ELISA analysis. tPA significantly increased the levels of MCP-1 in the conditioned medium of primary microglial cell cultures (Table 4) . However, treatment of cells with homocysteine did not induce a release of inflammatory markers (Table 4) . Furthermore, cotreatment of cells with tPA and Hcy significantly counteracted the tPA induced release of MCP-1 from microglial cells (Table 4) . Furthermore there was a trend that co-treatment of cells with tPA and Hcy also decreases the levels of TNFα compared to microglia treated with tPA.
Discussion
In the present study we show that homocysteine counteracts the cholesterol-induced inflammation in vivo in rats. This effect could be mediated by a tissue plasminogen activator-linked process.
Spatial memory in vivo
Alzheimer's disease is characterized by a progressive memory loss and cognitive decline and it is suggested, that elevated cholesterol 9.4 ± 2.3 18 ± 4* 11 ± 1.7 ns 9.4 ± 1.6 ns MIP2
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264 ± 88 1134 ± 159*** 660 ± 177 ns 845 ± 95* PDGF-BB 104 ± 23 298 ± 64** 198 ± 55 ns 175 ± 15 ns RANTES 27 ± 6 35 ± 6 ns 24 ± 3 ns 43 ± 22 ns TNFα 35 ± 11 100 ± 18* 60 ± 14 ns 53 ± 7 ns Male Sprague Dawley Rats were fed with a special cholesterol and/or homocysteine diet for 5 months, decapitated, the brains removed and the parietal cortex dissected. Proteins: GM-CSF, granulocyte macrophage colony-stimulating factor; IL-1α, interleukin-1 α; IL-6, interleukin-6; IL-10, interleukin-10; MCP-1, monocyte chemotactic protein-1; MIP-1α, macrophage inflammatory protein-1α; MIP-3α, macrophage inflammatory protein-3α; MIP2, macrophage inflammatory protein-2; MMP2, matrix metalloproteinase 2; PDGF-BB, platelet-derived growth factor-BB; RANTES, chemokine (C-C motif) ligand 5; TNFα, tumor necrosis factor-α. Male Sprague Dawley Rats were fed with a special 5% cholesterol diet for 12 months, decapitated, the plasma collected, the brains removed and the parietal cortex dissected. Plasma and brain extracts were analyzed by commercial ELISAs for total and active forms of tissue plasminogen activator (tPA), respectively. The number of analyzed animals per group are given in parenthesis. Statistical analysis was performed by using student T-test (* p b 0.05). Co 12 m, control 12 months; Chol 12 m, cholesterol 12 months. levels may increase the risk for AD (Chandra and Pandav, 1998; Kalmijn et al., 1997) . It is well established that in hypercholesterolemic rats a significant decrease in spatial learning and long term memory performances is seen in the 8-arm radial maze (Granholm et al., 2008; Ullrich et al., 2010a) . Similarly, hyperhomocysteinemia is also a risk factor for AD (Garcia and Zanibbi, 2004; Humpel and Marksteiner, 2005; Morris, 2003; Obeid et al., 2007; Seshadri et al., 2002) and it has been established that chronic hyperhomocysteinemia in rats induces spatial learning and long-term memory deficits . In the present study we wanted to test if rats treated with cholesterol and homocysteine together display potential spatial memory deficits. It was unexpected to see that the combined diet did not further decline memory performance, but rather improved the spatial learning at session 5 but not in the retention test. This, points to a protective role of Hcy in hypercholesterolemic rats, which ameliorates the spatial learning performance.
Inflammation in vivo
Inflammation is a hallmark of most neurodegenerative diseases (Franceschi et al., 2000) and severe inflammatory processes have been observed in hypercholesterolemic rats (Rahman et al., 2005; Thirumangalakudi et al., 2008; Xue et al., 2007) . This inflammatory process is most likely associated with activated microglia as shown after 5 months of hypercholesterolemia or after 12 months (this study). The mechanisms underlying the cholesterol-induced inflammation are not fully understood. Since cholesterol does not pass the BBB, it is suggested that oxygenated derivates of cholesterol (e.g. 24-OH-cholesterol) could trigger inflammation in the brain (Dugas et al., 2010; Joffre et al., 2007; LemaireEwing et al., 2005; Morello et al., 2009; Prunet et al., 2006; Rosklint et al., 2002; Sottero et al., 2009; Trousson et al., 2009; Vejux et al., 2008) . Hyperhomocysteinemia has often been associated with inflammation (Hofmann et al., 2001; Papatheodorou and Weiss, 2007) , however, several studies, including our findings , raise concern about the pro-inflammatory role of Hcy (Achón et al., 2009 ). The pro-inflammatory effects of Hcy may possibly rely on the induction of oxidative stress and subsequent activation of NFκB (Papatheodorou and Weiss, 2007) . In fact, in the present study we show for the first time, that Hcy has anti-inflammatory effects and counteracts inflammation in hypercholesterolemic rats.
BBB disruptions in vivo
Considerable evidence indicates that hypercholesterolemia and derivates of cholesterol contribute to a breakdown of the BBB (Jeitner et al., 2011; Kalayci et al., 2009; Takechi et al., 2010) . This is also supported by the present study, where we observed a highly increased leakage of the BBB and subsequent influx of rat-IgG into the cortex in hypercholesterolemic rats after 5 as well as 12 months. In a recent study we reported that Hcy induces similar BBB disruptions after long-term treatment . Interestingly cholesterol and homocysteine diet for 5 months displayed slightly but not significantly lower BBB disruptions, pointing to a protective effect of homocysteine against hypercholesterolemia-induced damage.
Inflammation in an in vitro organotypic brain slice model
We have well demonstrated in our in vivo experiments that homocysteine has anti-inflammatory properties and counteracts cholesterol-induced inflammation. Thus, in order to evaluate the mechanism of this anti-inflammatory effect, we conducted further in vitro experiments. Therefore, we used a well established in vitro organotypic brain slice model (Marksteiner and Humpel, 2008; Pirchl et al., 2006) . However, in the cortex slices, cholesterol did not induce inflammation, which goes in line with a previous study where we showed that cholesterol per se has a potent protective effect on cholinergic neurons in brain slices (Ullrich et al., 2010b) . Similarly, we also could not induce inflammation in slices treated with Hcy. Thus, to establish a model of inflammation in vitro, we used four well established stimuli: Poly:IC, LPS, PHA or tissue plasminogen activator. In this model Poly:IC, LPS, and tPA but not PHA effectively induced an upregulation of chemokines MCP-1 and MIP-2. In order to test any protective anti-inflammatory effect of Hcy, we tested the two most potent agents (LPS and tPA) and found that Hcy only counteracted the tPA-induced inflammation in the cortex brain slices. Cortex slices were prepared from P8 rats and cultured for 2 weeks with slice medium and then stimulated for 4 days with cholesterol (Chol 2 μg/ml), polyinosinic:polycytidylic acid (Poly I:C 30 μg/ml), phytohaemagglutinin (PHA 2 μg/ml), lipopolysaccharide (LPS 1 μg/ml) or rat tissue plasminogen activator (tPA 5 μg/ml). To test the effect of homocysteine slices were incubated for 2 weeks with homocysteine (Hcy 100 μM) and then for 4 days together with LPS and or tPA (these two agents were selected because they exhibited the most potent effect). Slices were then extracted and analyzed by Multiplex Searchlight ELISAs. Values are expressed as mean ±SEM pg/mg (Co controls) or % of control. The number of slices is given as n. Statistical analysis was performed by One Way ANOVA with a subsequent Fisher PLSD Posthoc test. Comparisons were performed against controls unless other indicated (* p b 0.05; *** p b 0.001; ns not significant). MCP-1, monocyte chemotactic protein-1; MIP2, macrophage inflammatory protein-2; TNFα, tumor necrosis factor-α. Primary microglial cells were cultured for 2 weeks then stimulated for 4 days with or without rat tissue plasminogen activator (tPA 5 μg/ml) and/or homocysteine (Hcy 100 μM). Conditioned medium was then analyzed by Multiplex Searchlight ELISAs. Values are expressed as mean ± SEM pg/ml (Co controls) or % of control. The number of analyzed wells per group is given in parenthesis. Statistical analysis was performed by One Way ANOVA with a subsequent Fisher PLSD Posthoc test. Comparisons were performed against controls unless other indicated (*** p b 0.001; ns not significant). MCP-1, monocyte chemotactic protein-1; MIP2, macrophage inflammatory protein-2; TNFα, tumor necrosis factor-α, IL-1β, interleukin-1 β.
Role of tPA in vivo and in vitro
Tissue plasminogen activator (tPA) is a protease that cleaves zymogen plasminogen to form plasmin. tPA has numerous physiologic functions and is highly expressed in brain regions associated with learning and memory (Salles and Strickland, 2002; Seeds et al., 2003) . Clinically recombinant tPA is widely used for therapy of myocardial infarction or thrombotic stroke (Collen, 1999) . In an animal model of MS, tPA accumulates at sites of inflammatory damage (Teesalu et al., 2001 ) and tPA may contribute to blood-brain barrier breakdown (Yepes et al., 2003) . In the present study, we found that hypercholesterolemia significantly increased plasma and brain tissue levels of total and active tissue plasminogen activator, respectively. Thus, our data provide evidence that vascular risk factors induce BBB disruptions in the brain, increase plasma tPA, which results in an increased influx of tPA into the brain. It is well established that tPA activates microglia (Gravanis and Tsirka, 2005; Reijerkerk et al., 2008; Rogove et al., 1999; Siao and Tsirka, 2002) . Thus, in order to test if tPA can induce inflammation in microglia we cultured primary microglia and incubated the cells with recombinant tPA. In fact, we could demonstrate that tPA induced release of MCP-1, which further supports our hypothesis of a tPA-mediated inflammation via microglia.
A proposed model of Hcy-induced anti-inflammatory effects
Based on our experiments, we propose that chronic mild hypercholesterolemia damages the brain capillaries and leads to BBB disruptions in the cortex. These BBB disruptions induce repair mechanisms, including activation of the blood clotting machinery. Thus, a cholesterol-induced increase of tPA in plasma may result in enhanced influx of tPA via these disrupted BBB-sites into the cortex. It is suggested that enhanced tPA in the cortex activates microglia resulting in subsequent inflammation in the brain. Indeed we have shown that hypercholesterolemia for 5 and 12 months markedly enhanced microglia in cortex and this study). Homocysteine may exert its anti-inflammatory effect by acting on the tPA-induced process. This anti-inflammatory effect may occur at different sites. (1) Hcy may counteract cholesterol-induced damage of capillaries and reduce BBB disruptions and subsequent tPA influx. Bienvenu et al. (1993) showed that total homocysteine plasma concentrations (tHcy) in patients with thrombosis significantly correlated with tPA antigen levels and Speidl et al. (2007) found a reduced tPA activity in patients with mild HHcy. (2) Hcy may counteract the microglia-induced inflammation by blocking tPA binding sites (Siao and Tsirka, 2002) . In fact, Hcy has been reported to reduce cellular binding sites for tPA on cultured endothelial cells (Hajjar, 1993; Hajjar et al., 1998) . (3) Hcy may enhance plasminogen activator inhibitor-1 (PAI-1) and block the tPA effect. Indeed, Midorikawa et al. (2000) showed that homocysteine increases PAI-1 in human vascular endothelial cells (HUVEC) and smooth muscle cells (Fig. 3) .
Conclusion
Taken together our data show that Hcy has anti-inflammatory effects on cholesterol-induced inflammation in vivo. This effect may be mediated via BBB disruptions and tPA-related processes. In conclusion, the potential toxic effect of Hcy may be reconsidered since high Hcy levels in the plasma may reflect antiinflammatory responses.
Experimental methods

Controls and diets (hypercholesterolemia, hyperhomocysteinemia)
Male Sprague Dawley rats (aged 6 months) were housed at the Animal Department of the Medical University Innsbruck and had free access to food and water with a 12/12 h light-dark cycle. Animals were fed with a special diet for 5 or 12 months and randomly assigned to the following groups: group 1: controls (short-term), normal diet (n= 10) for 5 months (Co 5 m); group 2: hypercholesterolemia (short-term), diet supplemented with 5% cholesterol (n= 10) for 5 months (Chol 5 m); group 3: hyperhomocysteinemia (n= 10) for 5 months (HCy 5 m); group 4: mix, diet supplemented with 5% cholesterol and +3 g/kg DL-homocysteine (n = 10) for 5 months (Mix 5 m), group 5: controls (long-term), normal diet (n= 12) for 12 months (Co 12 m); group 6: hypercholesterolemia (long-term), diet supplemented with 5% cholesterol (n= 9) for 12 months (Chol 12 m). The diet contains the following ingredients: 450 g/kg cornstarch, 140 g/kg casein, 155 g/kg maltodextrin, 100 g/kg sucrose, 40 g/kg soybean oil, 50 g/kg fiber, 35 g/kg mineral mix, 1.8 g/kg L-cystine, 1.4 g/kg choline chloride, 0.008 g/kg butylhydroxytoluol, 10 g/kg vitamin mix (without folic acid), 1 g/kg chocolate aroma, 0.002 g/kg folic acid (except in the Mix group) and additional 50 g/kg cholesterol (except in the Co group) and additional 3 g/kg DL-homocysteine (in the Mix group) (Ssniff special diet GmbH; Soest Germany).
Spatial memory testing in the 8-arm radial maze
Four months after start of the experiment, spatial learning and long term memory performance was assessed using a partially baited 8-arm radial maze (PanLab, Spain) as described in detail recently by us . The maze consists of eight identical open dark Plexiglas arms with side panels and sunk-in-food cups at the end radiating from a circular platform. To facilitate spatial navigation small high contrast visual cues (triangle, vertical bars, cross and square) were placed above the doors of four arms. Before memory testing, all animals were food deprived (2 g food pellets/animal/day for 3 days) and habituated to the maze and the experimental set-up.
The spatial learning performance was tested in 5 consecutive daily sessions with 5 trials per day (training). Four arms were baited with food pellets (chocolate cereals) and the trials ended when all baits were found or after 10 min exceeded. To exclude any olfactory effects additional baits were placed under the food cups of all arms (and the maze was cleaned with 70% ethanol after every trial). After 3 weeks the rats were again tested (retention) for one session (consisting of 5 trials) to assess spatial long term memory performance. The whole experiment was automatically controlled and monitored by a computer with Mazesoft Software (Version 8.1.9).
Collection of blood and brains
One day after the last retention test, animals were anesthetized by subcutaneous injection of sodium thiopental (12.5 mg/ml, Sandoz). For brain extracts, the brains were removed, the frontal cortex dissected and immediately frozen in CO 2 snow (Co 5 m n = 5; Chol 5 m n = 5; HCy 5 m, n = 5; Mix 5 m n = 5; Co 12 m n = 6; Chol 12 m n = 3). From the same animals 1-2 ml blood was collected from the heart, immediately centrifuged at 2300 ×g and the plasma frozen at −80°C. For immunohistochemistry, rats were perfused with 4% paraformaldehyde (PFA) in PBS, the brains removed and postfixed for 90 min in 4% PFA and stored in 20% sucrose/sodium azide. Brains were then frozen in a CO 2 stream and sectioned with a cryostate (Leica CM 1950) 
Organotypic brain slice cultures
Organotypic rat brain slice cultures were established as described by us previously (Humpel and Weis, 2002; Weis et al., 2001) . Briefly, the parietal cortex of postnatal day 8 (P8) rats was dissected under aseptic conditions. Then cortices were coronally sectioned with a tissue chopper into 400 μm slices (McIlwain, USA) which were placed on a 30 mm diameter Millicell-CM 0.4 μm membrane insert (Millipore, Austria). Slices (9 per membrane) were cultured in six-well plates (Greiner) at 37°C and 5% CO 2 with 1.2 ml/well of the following culture medium: 50% minimal essential medium (MEM)/HEPES (Gibco), 25% heat activated horse serum (Gibco/Lifetech, Austria), 6.5 mg/ml glucose (Merck), 2 mM glutamine (Merck), pH 7.2. Slices were incubated for two weeks with medium and thereafter slices were incubated for 4 days with medium with or without (Control) one of the following substances to induce inflammation: 2 μg/ml cholesterol (Chol, Sigma), or 1 μg/ml lipopolysaccharide (LPS, Sigma), or 2 μg/ml phytohaemagglutinin (PHA, Roche), or 30 μg/ml polyinosinic:polycytidylic acid (Poly I:C, Calbiochem) or 5 μg/ml rat tissue plasminogen activator (tPA, Loxo). To investigate the potential anti-inflammatory effect of homocysteine, slices were incubated with DL-homocysteine 100 μM (Sigma) for two weeks and then for 4 days with one of the before mentioned substances and additional 100 μM homocysteine.
Primary rat microglial cultures
Microglial cultures were performed as described by us in detail (Salimi and Humpel, 2002) . Briefly, mixed glial cells were made from postnatal day 2-4 Sprague-Dawley rats (Himberg, Austria) by trypsinization and trituration. Cells were cultured for 7-8 days on poly-DL-ornithine-coated dishes in DMEM with 5% horse serum and 0.5% fetal calf serum (FCS) . Confluent glial cultures were agitated at 180 rpm for 15 h at 37°C and cells were seeded on poly-L-lysinecoated cell culture wells at a density of 2.5 × 10 4 cells per well and cultures were incubated in serum-free microglial medium (MEM-HEPES + 1 mg/ml BSA, pH 7.3) for 2 h at 37°C to allow microglia to adhere to the wells. Plates were gently shaken for 5 min at 100 rpm, fresh medium was added and cells incubated for 2 h. Then plates were again shaken, medium discarded and the cells cultivated in fresh medium for 14 days. Thereafter, cells were treated for 4 days with or without 5 μg/ml rat tissue plasminogen activator (tPA, Loxo, Germany) and/or 100 μM DL-homocysteine (Hcy, Sigma). Finally, conditioned medium was collected for further analysis.
Evaluation of BBB disruption
Breakdown of BBB permeability was analyzed using immunohistochemistry for anti-rat IgG Schmidt-Kastner et al., 1993) . Briefly, sections were incubated for 2 h in biotinylated rabbit anti-rat IgG (Vector, 1:400). After being washed, sections were incubated in an avidin-biotin complex solution (ABC-Elite Vectastain reagent; Vector Lab., USA) for 1 h, then washed in 50 mM Trisbuffered saline (TBS), and then the signal was detected using 0.5 mg/ml 3,3′-diaminobenzidine including 0.003% H 2 O 2 as a substrate in TBS. The sections were mounted on glass slides, air-dried and coverslipped with Entellan (Merck, Darmstadt, Germany). Unspecific labeling was defined by omitting the primary antibody.
Measurement of inflammatory markers and tissue plasminogen activator
Inflammatory markers were analyzed using a Multiplex rat ELISA (SearchLight®, Aushon Biosystems) as described by us recently (Marksteiner et al., 2011) . Standards, extracts or conditioned medium (50 μl) were added to the pre-spotted plates and incubated for 3 h at room temperature on a shaker. After washing, the plates were incubated with 50 μl of biotinylated antibody at room temperature for 30 min. Plates were again washed and 50 μl of streptavidin-HRP reagent was added to each well and incubated for 30 min. After the final washing step, 50 μl of SuperSignal® chemiluminescent substrate was added and the signal was detected with a cooled CCD camera equipped with the SearchLight® CCD imaging and analysis system. Sample values were calculated from the standard curve in a linear range. Levels of active and total rat tissue plasminogen activator (tPA) were analyzed with commercial sandwich ELISA kits (Oxford Biomedical Research, Oxford USA) as described by the manufacturer. The inflammatory markers in the 12 month old cholesterol group are not included and have been published elsewhere (Ehrlich et al., 2012) . The inflammatory markers in the 15 month old homocysteine group are not included and have been published elsewhere . Since this is a follow up experiment of our previous cholesterol study , tPA levels could only be tested in 12 month old animals.
Immunohistochemistry
Immunohistochemistry was performed as described previously (Salimi and Humpel, 2002) . Cells were fixed for 30 min in 4% paraformaldehyde at 4°C, washed with 0.1% Triton⁄PBS at room temperature for 30 min and pre-treated for 20 min with 5% methanol⁄1% H2O2 ⁄ PBS. Then the cells were rinsed three times for 10 min with PBS, blocked with 20% horse serum/0.2% BSA/T-PBS, and then incubated with the primary antibody against IBA1 (1:500, Wako) in 0.2% BSA/T-PBS for 2 days at 4°C. Cells were washed and incubated with secondary biotinylated anti-goat antibody (1:200, Vector Laboratories), for 1 h at room temperature. After rinsing three times in PBS, cells were incubated in avidin-biotin complex solution (ABC; Elite Standard PK 6100, Vector Laboratories) for 1 h, then washed three times in 50 mM Tris-buffered saline (TBS), and the signal was detected using 0.5 mg/mL 3,3′diaminobenzidine (DAB) in TBS with 0.003% H 2 O 2 as substrate. In addition, brain sections were processed for microglial IBA1 staining as described. Co-localization was performed for IBA1 using Alexa-488 (1:400, 1 h, Invitrogen) and for anti-rat IgG using Texas Red (1:500, 1 h, Amersham). Sections were mounted onto glass slides, coverslipped in Vectashield (Vector) and visualized under a fluorescence microscope.
Quantitative analysis and statistics
All quantifications were performed unbiased. Behavioral testing was statistically analyzed between groups by using student T-test and within groups using a repeated measures ANOVA. Sections were photographed under the microscope and IgG positive spots were counted in the parietal cortex of 2 sections per brain within the same area. Quantitative data are presented as mean values ± S.E.M. The significance of differences between different groups was assessed by using one way ANOVA, followed by a Fisher PLSD posthoc test or student T-test where p b 0.05 represents statistical significance. In case of multiple comparisons the α-level was adjusted by Bonferroni-Holm correction. To control for equal variances a Hartley's test (Fmax) was performed.
